exploratory clinical trials. The treatment options and response for CCA remain still very discouraging as none of the treatment approaches yield an overall survival beyond one year 4 . Most of the treatment attempts including novel targeted therapies failed in trials so far. Thus, there is a high unmet need for the development of new drugs. Still, there are a number of open questions, not only concerning molecular alterations but also with respect to tumor-immune system interaction 5 . Detailed knowledge of this interaction could also be of interest in CCA patients, specifically in the era of combined conventional chemotherapeutics and tailored therapy approaches such as PD1/PD-L1 blockade 6 . The currently established first line standard treatment approach with gemcitabine and cisplatin cannot be regarded as an optimal therapeutic approach for all CCA subtypes as a variety of prognostic factors including metastatic disease, bilirubin, CEA & CA 19-9 levels, gender, ECOG, and RECIST criteria have been found to affect survival in this therapeutic regimen [7] [8] [9] [10] . Interestingly, the effect of multiple factors is additive 2, 11 . Thus, the overall effect of therapeutic regimens on survival may differ significantly in patient groups with different clinical presentation or biomarkers.
Carboxylesterases are members of the serine esterase superfamily and located in the endoplasmic reticulum and the cytosol of cells in many tissues, especially within the liver, the kidney, the small intestine and the colon 12, 13 . Carboxylesterase 2 (CES2) is the predominant CES isoform in the gastrointestinal tract 14 . CES enzymes are instrumental to catalyze the hydrolysis of esters, amides, thioesters and carbamates, including environmental toxins and drugs, such as cytostatic drugs used in tumor treatment 15, 16 . The enzymatic activity of CES2 can be exploited to cleave inactive prodrugs, releasing the active component of a prodrug at the site of a tumor 17 . Such examples are the hydrolysis of LY2334737 to gemcitabine, the conversion of irinotecan to 7-ethyl-10-hydroxy-camptothecin or the conversion of CAP7.1 to etoposide by CES2 4, 18, 19 . Interestingly, CES2 expression has been demonstrated to be deregulated by p53 and p38MAPK-NF-κB which are known to be involved in development and progression of multiple tumor entities 20, 21 . Immunohistochemical evaluation has shown moderate expression of CES2 in normal human colon tissue and a broad range of expression levels in colorectal cancer with downregulation in the course of cancer progression 18, 22, 23 .
Regarding insight of CES2 expression in CCA patients, reliable data is missing. As CES-dependent prodrug approaches are currently utilized to treat CCA 24, 25 , we aimed to analyze CES2 in a large and well-characterized CCA cohort, including all subtypes. Our findings may be of high clinical significance since CES2 expression was associated with patient outcome and may serve as biomarker for patient stratification.
Materials and Methods
Clinicopathological characteristics of cholangiocarcinoma patients. Tissue samples from 171 patients (median age 63.6 years) who underwent bile duct or liver surgery at the University Hospital Heidelberg between 1995 and 2010 were included in this study. This cohort was previously analyzed for tumoral immune cell infiltration 26 . The CCA cohort consisted only of adenocarcinomas, including all histologic variants. All CCA subtypes were represented adequately, including 72 intrahepatic CCAs and 99 extrahepatic CCAs (56 perihilar and 43 distal). Additionally, 80 samples of high-grade biliary intraepithelial neoplasia (BilIN 3) and 158 corresponding samples of histological non-neoplastic biliary tract tissues were included. Ampullary tumors were not included in this study, as they are often of intestinal histologic differentiation and represent a different tumor entity both clinically and biologically. None of the patients received radio-or chemotherapy prior to surgery. Tumors were restaged according to the 8 th TNM Classification of Malignant Tumors and classified after the World Health Organization (WHO) tumor classification system by two experienced pathologists 27 . A summary of clinicopathological data is given in Table 1 and Supplemental Tables 1 and 2 . All experiments were performed in accordance with relevant guidelines and regulations. Informed consent for study participation was given by all patients according to the ethical guidelines of Heidelberg University Hospital. The use of the tissue specimens for this study was approved by the institutional ethics committee (S-207/2015).
Tissue microarray construction. From all 171 CCA FFPE tissue blocks, 3 µm sections were cut and stained with H&E. Representative areas were marked by two experienced pathologists (BG and SS). For each case, tumor tissue cores (1.0 mm diameter) from the selected representative tumor areas were punched out of the sample tissue blocks and embedded into a new paraffin array block using a tissue microarrayer (Beecher Instruments, Woodland, CA, USA).
Immunohistochemistry and tissue microarray evaluation. Immunohistochemical analyses were performed on 3 μm thick Tissue Microarrays (TMAs). As previously described for the analysis of CES2 immunohistochemistry, sections of archived patient samples were subjected to heat-induced epitope retrieval prior to incubation with a rabbit antibody specific for CES2 (ab111751, Abcam; Cambridge, United Kingdom) 12 . CES2 immunoreactivity was visualized using the EnVision + HRP System (K4011; Dako, Glostrup, Denmark) directed against rabbit primary antibodies with diaminobenzidine (DAB; Dako) as chromogen. The nuclei were counterstained with hematoxylin and slides cover slipped with glycerol gelatin (both Merck, Darmstadt, Germany). CES2 immunoreactivity was seen in CCA tumor cells and in the tumor stroma component (Fig. 1 ). Both components were evaluated separately. For the epithelial tumor cell component, a semi-quantitative immunohistochemical assessment of cytoplasmic CES2 expression, the product of the scores of staining intensity and percentage of immunoreactive cells was calculated based on the following scoring system: the intensity ranged from 0 = negative, 1 = low, 2 = medium to 3 = high; the quantity comprised 0 = no expression, 1 = positivity in less than 10%, 2 = positivity in 10% to 50%, 3 = positivity in 51% to 80%, and 4 = positivity in more than 80% of biliary cells (non-neoplastic tissue/BilIN 3/CCA). The final immunoreactive score was obtained by multiplication of the intensity score and the quantity score according to immunoreactive score (IRS, ranging from 0 to 12). For comparison of staining results, we further defined a scoring index comprising three different expression scores for CES2 based on the calculated product of cytoplasmic intensity and quantity of immunoreactive cells:
www.nature.com/scientificreports www.nature.com/scientificreports/ 0-4 = absent/low expression; 5-8 = moderate expression; 9-12 = high expression. For stromal CES2 expression, cytoplasmic staining in stromal cells was evaluated separately and was assessed in a four-tiered manner (0 = no expression; 1 = low expression; 2 = moderate expression; 3 = high expression). Evaluation was performed independently by two experienced pathologists (BG, SS).
Cell line culture, treatment, cell viability and cytotoxicity assays. EGI-1 cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) and TFK¬1 were maintained in RPMI-1640 medium supplemented with 10% fetal calf serum and 1% Penicillin-streptomycin (100 IU/mL and 100 g/mL, respectively). All media and supplements were obtained from Sigma-Aldrich (St. Louis, MO, USA). Cells were incubated at 37 °C with 5% CO2. Cells were incubated with 20 µg/ml Irinotecan or left untreated.
For the cell viability and cytotoxicity assays, 5,000 TFK-1 or EGI-1 cells per well were seeded into a 96-well plate in quadruplicates. Cells were incubated with 20 μg/ml Irinotecan or left untreated for up to 3 days and measurements were performed at 0, 48 and 72 h. For cytotoxicity measurement, CellTox ™ Green Cytotoxicity Assay (Promega, Madison, WI, USA) was used. CellTox ™ Green was 1:1000-diluted with assay buffer, added to the cells www.nature.com/scientificreports www.nature.com/scientificreports/ and incubated for 15 min at RT in the dark and measured (485 nm Ex/520 nm Em) with an Omega FLUOstar Microplate Reader (BMG LABTECH, Ortenberg, Germany). For cell viability measurement, growth medium containing 10% Resazurin (R&D Systems, Minneapolis, MN, USA) was added to the cells, incubated for 1 h at 37 °C and measured (544 nm Ex/590 nm Em) with an Omega FLUOstar Microplate Reader (BMG LABTECH). All experiments were repeated three times in quadruplicates for both cell lines.
RNA extraction, cDNA synthesis and semi-quantitative reverse-transcription polymerase chain reaction (qRT-PCR). For the qRT-PCR assay, cells were seeded into 6-well plates treated with 20 μg/ ml Irinotecan or left untreated for 48 h. Total RNA was extracted with ExtractMe Total RNA Kit (Blirt, Gdansk, Poland) according to the manufacturer's protocol. cDNA was synthesized from 1 μg total RNA using RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Offenbach, Germany). Samples of three independent experiments were analyzed in duplicates using primaQUANT CYBR Master Mix (Steinbrenner Laborsysteme, Wiesenbach, Germany) on a StepOnePlus real-time PCR instrument (Applied Biosystems, Darmstadt, Germany). The human reference gene serine/arginine-rich splicing factor 4 (SRSF4) was used as an internal control. Relative mRNA expression values were calculated using the comparative Ct method. Primers were obtained from Thermo Fisher Scientific and had the following sequence: 1. SRSF4 (NM_005626. www.nature.com/scientificreports www.nature.com/scientificreports/
Statistical analyses including correlation analyses with other immunohistochemical variables.
Statistical analyses were performed with the statistical computing environment R version 3.0.1. Missing values were omitted from the analysis. Correlation analyses of CES2 expression status with clinicopathological and other immunohistochemical variables were assessed with Fisher's exact test. Univariate survival analysis was performed for overall survival by generation of Kaplan-Meier curves. Significance of differences between the groups was assessed using the Log-rank-test. P values < 0.05 were considered significant. Data concerning expression of PD-L1, MHC I, quantity and quality of tumor infiltrating immune cells, as well as proliferation index (Ki-67) were available partly from previously published studies 26, 28 .
Results

CES2 expression in cholangiocarcinoma including all subtypes.
A distinct CES2 immunoreactivity was widely detectable in CCA tissues. CES2 immunohistochemistry showed a distinct cytoplasmic staining signal (Fig. 1) . CES2 immunoreactivity was evaluated separately in CCA tumor cells and in the tumoral stroma component (see Material & Methods section). CES2 immunoreactivity decreased significantly from non-neoplastic "normal" biliary epithelium to high-grade dysplasia (BilIN grade 3) to invasive CCA, but did not differ significantly between CCA subtypes (p = 0.007, p < 0.001 respectively; Fig. 2A,B) . Stromal evaluation showed significantly higher CES2 immunoreactivity in high grade dysplasia (BilIN grade 3) compared to non-neoplastic "normal" biliary epithelium and invasive CCA (p < 0.001 for both analyses, Fig. 2C ). In addition, CES2 immunoreactivity in tumoral stroma of CCA was increased in pCCA and dCCA compared to iCCA (p < 0.001 and p = 0.02, respectively; Fig. 2D ). CES2 immunoreactivity in non-neoplastic normal biliary epithelium, high-grade biliary intraepithelial neoplasias and invasive CCA including subtype-specific evaluation. CES2 immunoreactivity was highest in non-neoplastic, normal biliary epithelium and stepwise decreasing in cholangiocarcinogenesis (A; p < 0.001, p = 0.004 respectively). No significant differences in CES2 immunoreactivity were detected in CCA subtypes (B). P-values were calculated by Mann-Whitney U test. Box plot with 5-95% whiskers.
www.nature.com/scientificreports www.nature.com/scientificreports/ Correlation of CES2 immunoreactivity with overall survival and clinicopathological data of cholangiocarcinoma patients. Correlation analysis of CES2 immunoreactivity score in CCA showed a significantly shortened overall survival in patients with lower CES2 scores (p = 0.009; p-trend < 0.001; Fig. 3A) . We first compared different groups of CES2 expression and found that CCA patient groups with low (IRS = 0-3) or none (IRS = 0) tumoral CES2 immunoreactivity both had significantly shortened overall survival (p = 0.002, Fig. 3B ; p = 0.006, Fig. 3C ). Subgroup analysis revealed that this finding is due to differential expression in extrahepatic CCAs, mainly dCCA, which consisted of significantly less CES2 negative or low expressor cases (Fig. 4) . In contrast, in iCCA no significant correlation between CES2 immunoreactivity and patient survival could be detected (Fig. 4A,B) . Correlation analyses of CES2 immunoreactivity in tumor stroma did not correlate significantly with overall survival rates of CCA patients, even when calculated subtype-specifically (Suppl. Figs 1, 2) . In addition, analysis of comprehensive clinicopathological data of this CCA cohort showed no consistent differences between patients with low or high CES2 expression (Table 1 and Suppl. Table 1 ). Furthermore, we functionally tested in vitro the effect of the prodrug Irinotecan which is mainly converted by CES2 in two CCA cell lines, TFK-1 and EGI-1. Treatment of TFK-1 and EGI-1 with 20 μg/ml Irinotecan led to significantly reduced cell viability and increased cytotoxicity in both cell lines (Fig. 5A-D) . Furthermore, Irinotecan treatment induced mRNA expression of inflammation-related genes, such as STAT1, MX1, IFI27, IL-8, PARP9 and TNF (Fig. 5E,F) . This demonstrated that Irinotecan may be functionally active in CES2-positive CCA.
CES2 expression and tumor infiltrating immune cells in cholangiocarcinoma.
Since it is known that tumor infiltrating immune cells are of prognostic value in CCA, we performed a correlation analysis of CES2 immunoreactive score with previously published data on the quantity and quality of tumor infiltrating immune cells 26 . This revealed an increase in the presence of inflammatory cells, particularly intratumoral CD8+ T cells Figure 3 . Overall survival probability in cholangiocarcinoma patients in correlation with CES2 immunoreactivity. Kaplan-Meier curves show a longer overall survival of CCA patients in correlation with higher CES2 immunoreactive scores (A). CCA patients with low (B) or absent (C) CES2 immunoreactivity also showed a significant shortened overall survival compared to patients with higher CES2 immunoreactive scores. P-values were calculated by log-rank test or p-trend (A). Survival data were available for 142 (83%) of 171 CCA patients.
www.nature.com/scientificreports www.nature.com/scientificreports/ and tumor infiltrating FOXP3+ regulatory T cells in CES2-positive CCAs (p = 0.046 each; Fig. 6 ). Other immune cell types (CD4+/FOXP3-, CD20+, and CD68+) were not increased in association with increased CES2 staining (Suppl. Fig. 3 ). Stromal CES2 expression was also not associated with different immune cell infiltrates (Suppl. Fig. 4 ). Since MHC class I expression on CCA tumor cells has also been described as a prognostic factor 28 , we correlated MHC class I antigen expression with CES2 immunoreactivity. However, no significant association was found in our CCA cohort (Suppl. Fig. 5 ). Thus, patients exhibiting high CES2 expression show a distinct tumor immune profile with increased presence of CD8+ and FOXP3+ immune cells.
Discussion
CES2 expression differs in non-neoplastic tissues and varies between different tumor types including colorectal cancer (CRC), pancreatic ductal adenocarcinoma (PDAC), lung adenocarcinoma and breast cancer 12, 18, 29 . Furthermore, high CES2 expression in tumor tissue was associated with longer overall survival in resectable and borderline resectable PDAC patients who underwent neoadjuvant FOLFIRINOX treatment 29 . Thus, the assessment of CES2 expression for patient stratification prior to treatment with prodrugs converted mainly via CES2 might contribute significantly to clinical outcome. Overall survival probability in cholangiocarcinoma subtypes in correlation with CES2 immunoreactivity. Kaplan-Meier curves show no significant overall survival differences of iCCA (A,B) and pCCA (C,D) patients in correlation with CES2 immunoreactivity, whereas a significant longer overall survival of dCCA patients in correlation with CES2 immunoreactivity was detected (E, p = 0.008; F, p = 0.036). P-values were calculated by log-rank test.
www.nature.com/scientificreports www.nature.com/scientificreports/ Here, we evaluated CES2 expression by immunohistochemistry in tumor cells and tumoral stroma in a well-characterized and comprehensive cohort of non-liver fluke associated CCA using a CES2 antibody. Using the well-known immunoreactive score (IRS), a clear-cut read-out of CES2 expression could be performed. Since CES2 expression might be of therapeutic relevance in the future, we sought to establish a simple method and read-out to test CCA samples for CES2 expression to be used in clinical settings.
CES2 expression levels decreased significantly with the progression of cholangiocarcinogenesis, i.e. highest CES2 immunoreactive scores were seen in non-neoplastic normal biliary epithelium, while high-grade biliary intraepithelial neoplasias (BilIN grade 3) and invasive CCA showed a stepwise decrease of CES2 immunoreactivity. Interestingly, CES2 immunoreactivity in tumoral stroma was highest in BilIN grade 3, whereas, non-neoplastic normal biliary epithelium and CCA did not differ significantly with regard to stromal CES2 immunoreactivity. CES2 immunoreactivity in CCA did not show any differences in the subtype-specific evaluation but in the tumoral stroma highest CES2 expression scores were detected in extrahepatic pCCA and dCCA, while iCCA showed significant lower CES2 immunoreactivity in the tumoral stroma. High CES2 expression was associated with longer overall survival of CCA patients. Conversely, this finding was corroborated by subgrouping patients into low or non-CES2 expressors, both of which exhibited a significantly lower overall patient survival www.nature.com/scientificreports www.nature.com/scientificreports/ (Fig. 3B,C) . Thereby, a simple and prognostically relevant testing method for CES2 expression in CCA patients was established. Consequently, we tested this survival association in CCA subtypes, thereby revealing that this effect is mostly due to extrahepatic, in specific dCCA, since iCCA did not show any survival differences with respect to CES2 expression levels. These findings strengthen the current concepts of CCA subtypes, in particular the nowadays acknowledged molecular and also clinical differences between extrahepatic and intrahepatic CCA. Combining the findings of higher CES2 expression scores in tumoral stroma of pCCA and dCCA and the subtype-specific survival benefit of higher CES2 expression in dCCA and in pCCA, one is tempted to speculate on the impact of CES2 expression in tumoral stroma on the tumor -immune system interaction in extrahepatic CCA, although stromal CES2-expression levels were not significantly associated with survival in CCA and subtypes.
A study using an intracranial human glioma xenograft mouse model suggested that CES activity may induce higher peripheral CD4+ und CD8+ T cell degranulation which is a measure of potential immune response 30 . Furthermore, tumor-infiltrating immune cells have been suggested to be a source of CES2 and may be involved in the therapeutic efficacy of prodrugs 12, 31 . High FoxP3+ regulatory T cell (Treg) infiltration is significantly associated with shorter survival in cervical, renal, breast cancers and malignant melanomas, whereas, high FoxP3+ Tregs are associated with improved survival in colorectal, head and neck, and oesophageal cancers 32 . In our CCA cohort, we previously found that high numbers of intraepithelial CD8+ T cells, FOXP3+ Tregs, and high/moderate MHC I expression levels are correlated with better patient survival 26, 28 . In the present study, we observed higher intratumoral CD8+ T cells and FOXP3+ T cells in CES2-positive CCAs (Fig. 6) . Therefore, an impact of CES2 on the tumor -immune system interaction is conceivable.
Consistent with previous data obtained in other tumor entities, we showed that Irinotecan treatment inhibited cell viability, whereas it induced cytotoxicity and inflammation-related gene expression 33, 34 . However, further functional studies are required to determine immune cell specificity and function with regard to different CES2-expression levels. Limitations of this study include the retrospective character, the focus on immunohistochemical analyses, and the missing animal studies which will be addressed in future studies.
Conclusively, we present a feasible method of evaluating CES2 expression, a novel prognostic marker in CCA. Our findings show subtype-specificity in CCA and indicate an impact of CES2 in the tumor -immune system interaction and direct anti-proliferative effect of CES2 conversion-dependent prodrug in CCA cell lines. The presented findings are likely to gain clinical relevance, as several prodrugs utilized in cancer are either in development or already available. 
